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(57) A method for treating the surface of a semiconductor silicon layer (9) includes the step of removing an 
oxide from the surface of the semiconductor layer by adding fluorine or fluoride to hydrogen radicals 
separately from plasma atmosphere and thereafter exposing the semiconductor layer to the mixed gas and 
hydrogen-terminating the surface. 
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APPARATUS FOR FABRICATING SEMICONDUCTOR DEVICE AND 
METHOD FOR FABRICATING SEMICONDUCTOR DEVICE 

5 

The present invention relates to an apparatus for 
fabricating semiconductor device including a step of 
treating the surface of a semiconductor layer with 

10 hydrogen, and a method for fabricating semiconductor 
device including a step of treating the surface of the 
semiconductor layer with hydrogen. Particularly, the 
present invention relates to a method and an apparatus for 
removing a natural oxide layer from the surface of a 

15 silicon layer and moreover terminating the surface of the 
silicon layer using hydrogen, and a method for fabricating 
a semiconductor device including the above steps. 
2. Description of the Related Art 

The following are known as the existing methods for 

20 removing a natural oxide layer from the surface of a 
semiconductor wafer and hydrogen-terminating the surface 
of the semiconductor wafer : the wet treatment using 
diluted hydrofluoric acid described in the following 
document [1], the dry treatment using hydrogen plasma 

25 described in the following document [2], and the dry 
treatment using hydrogen atoms ( hydrogen radicals ) 
described in the following document [3]. 

[1] G. S. Higashi et al., J. Appl. Phys. Lett., 
Vol.56, No. 7, 1990, pp. 656-658 

30 [2] A. Kishimoto et al., Jpn. J. Appl. Phys., Vol. 

29, No. 10, 1990, pp. 2273-2276 

[3] T. Takahagi et al., J. Appl. Phys., Vol.68, No. 5, 
1990, pp. 2187-2191 

Among the above methods, the wet treatment using 

35 diluted hydrofluoric acid makes it possible to obtain a 
stabl surface hardly reacting on other elements for a 
(111) plane of silicon. However, there is no stability 
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for a (100) plan of silicon. Mor over, because of the 
w t treatment, fluorin may be 1 ft on the surface of a 
semiconductor wafer. Furthermore, it is difficult to 
connect a wet treatment apparatus with a dry treatment 
5 apparatus. Therefore, the dry treatment is desirable 
because it allows the apparatuses to easily connect each 
other. 

The dry treatment using hydrogen plasma may damage 
the surface of a silicon substrate because high-energy 

10 particles collide with the surface. 

The dry treatment using hydrogen radicals does not 
have the above problems. However, it is described in the 
above document [3] that the treatment took a long time at 
the hour order. Therefore, this dry treatment cannot 

15 practically be used. 

As another type of dry treatment, a method for 
removing a natural oxide layer by transforming hydrogen 
fluoride (KF 3 ) and hydrogen (H 2 ) into plasma is disclosed 
in the official gazette of Japanese Unexamined Publication 

20 (KOKAI) No. Hei. 2-77124. The inventors of the present 
invention, confirmed that a natural oxide layer was 
removed by this method. However, at the same time, the 
fact was found that the inner surface of a silica tube 
constituting a reaction chamber was etched and roughened. 

25 It is an object of the present invention to provide 

a method and an apparatus for treating the surface of a 
semiconductor layer to shorten the time consumed for oxide 
layer removal and hydrogen termination by means of dry 
treatment, and moreover prevent the inner surface of a 

30 silica tube serving as a reaction chamber from roughening, 
and a method for fabricating a semiconductor device 
including the above steps. 

35 The present invention provides an apparatus for 

treating the surface of a semiconductor layer having a 
region for introducing at least nitrogen fluoride (NF 3 ) at 
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th d wnstr am side f a gas flown from a hydrogen plasma 
region and having a semic nduct r layer setting regi n at 
further downstream side of it. In this case, oxygen r 
water vapor is also introduced into the region for 
5 transforming hydrogen into plasma. 

Another invention of this application provides a 
method for treating the surface of a semiconductor layer 
including the steps of adding nitrogen fluoride to 
activated hydrogen outside of plasma atmosphere, and 

10 thereafter removing an oxide from the surface of the 
semiconductor layer and hydrogen- terminating the surface. 

Still another invention of this application provides 
a method for treating the surface of a semiconductor layer 
by transforming a hydrogen-contained gas such as hydrogen 

15 and water vapor <H a + H 2 0) or hydrogen and oxygen (H a + O a ) 
into plasma and adding at least NF S to the thus-obtained 

activated gas. 

For these inventions, a region for introducing NF 3 is 
outside a region where high energy particles, such as, 

20 ions and electrons are present, and at least NF, is added 
to hydrogen atoms generated in the plasma region, and 
these gases are supplied to an oxide on the surface of a 
semiconductor layer to remove the oxide from the surface, 
and moreover the surface of the semiconductor layer is 

25 hydrogen- terminated. It was confirmed through experiments 
that the time required for the oxide layer removal and 
hydrogen termination was shortened compared with the prior 
art using only hydrogen radicals or only hydrogen plasma 
down- flow. Water vapor or oxygen supplied to the plasma 

30 region together with hydrogen had a function for 
preventing hydrogen radicals from decreasing. 

Moreover, it was confirmed through an experiment that 
the semiconductor layer and the inner wall of the silica 
etching chamber were not damaged by adding at least NF 3 to 

35 the hydrogen radicals presenting at the downstream side 
of a gas flown from the plasma region to remove the 
natural oxid layer from the semiconductor layer surface 
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and hydrogen- terminating the surface. 

In this case, fluorine atoms were not contained in 
th reaction gas. 

As the result of removing the natural oxide layer 
5 from the semiconductor layer surface in the above manner, 
a reaction product may be present on the surface. Though 
the products naturally disappears by leaving the products 
as it is for a predetermined time, they are easily removed 
by heating the semiconductor layer surface or cleaning it 

10 by water. 

Reference will now be made, by way of example only, 

the accompanying drawings, in which: 

Fig. 1 is a sectional view of the semiconductor layer 
surface treatment apparatus of an embodiment of the 
15 present invention. 

Figs. 2A and 2B are sectional views showing a change 
of the surface of a silicon substrate treated by the 
apparatus shown in Fig. 1. 

Figs. 3A and 3B are sectional views showing e change 
20 of the surface of a silicon substrate treated by the prior 
art. 

Fig. 4 is a sectional view of a semiconductor layer 
surface treatment apparatus showing the state of an 
experiment for changing the concentration of hydrogen 
25 present in a substrate setting region. 

Figs. 5A and 5B are ESR spectrum characteristic 
diagrams showing the results of experiments by the 
apparatus in Fig. 4. 

Fig. 6 is a sectional view of the semiconductor layer 
30 surface treatment apparatus of another embodiment of the 
present invention. 

Figs. 7A and 7B are FT-IR ATR characteristic diagrams 
for explaining generation and disappearance of the residue 
on the surface of a silicon substrate when the apparatus 
35 shown in Fig. 6 is used and the axis of abscissas of the 
diagrams shows wave number and the axis of ordinates shows 
absorption capacity. 
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Figs. 8A and 8B are FT-IR ATR characteristic diagrams 
obtained by enlarging some wav -number ranges in Figs. 7A 
and 7B. 

Fig. 9 is a sectional view of showing of a wet 
treatment apparatus to remove the residue on the surface 
of a silicon substrate . 
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Embodiments of the present invention are described 
10 below by referring to accompanying drawings. 

(1) Natural oxide layer removing apparatus of embodiment 
of the present invention 

Fig. 1 is a sectional view for explaining the 
constitution of the hydrogen plasma down-flow treatment 
IS apparatus of an embodiment of the present invention. This 
apparatus is used to fabricate a semiconductor device. 

in Fig. 1. symbol 1 represents a chamber comprising 
a cylindrical slender silica tube with an inside diameter 
of approx. 9 mm and 2 represents a first gas introduction 
port for introducing a hydrogen-contained gas such as a 
mixed gas of hydrogen and water vapor. Water vapor is 
added so as to prevent hydrogen radicals (H*) transformed 
into plasma gas from recombining and returning to hydrogen 
molecules (H,) while the hydrogen radicals are moving to 
a wafer setting part 7 in the chamber 1. Symbol 3 
represents an exhaust port for exhausting the gas in the 
chamber 1 to reduce the pressure and discharging 
unnecessary gas, to whose end a not-illustrated exhauster 
or other apparatus is connected. 

Symbol 4 represents a plasma generating part provided 
closely to the first gas introduction port 2 for 
transforming the mixed gas of hydrogen and water vapor 
into plasma, which transforms the mixed gas of hydrogen 
and water vapor into plasma by microwaves with the 
35 frequency of 2.45 GHz led by a waveguide 5. 

Symbol 6 represents a second gas introduction port 
(gas introducing part) for introducing nitrogen fluorid 
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(NF,) gas or NF,-contained gas int the chamber 1, which 
is pre nt utsid a r gion in which plasma gaa expanded 
from the plasma generating part 4 end, in the case f this 
embodiment, provided at the downstream side of the flow 
5 of a gas approx. 200 mm (Lj) separate from the plasma 
region generated in the plasma generating part 4. 
Thereby, NF 3 gas is added to an active gas containing 
hydrogen radicals flown from the upstream side. 

Symbol 7 represents a wafer setting part for removing 

10 a natural oxide layer from the surface of a semiconductor 
layer and hydrogen- terminating the surface, on which a 
silicon substrate 9 with a natural oxide layer 10 formed 
on it is set. The wafer setting part 7 is formed at the 
downstream side of a gas channel approx. 800 mm (Lj) 

15 separate from the second gas introduction port 6. The 
range (a reactive gas flowing region 8) from the second 
gas introduction port 6 to the wafer setting part 7 
requires a distance allowing hydrogen radicals to 
adequately react on NF 3 gas and capable of keeping the 

20 state. 

As described above, the apparatus of this embodiment 
easily connects with many other fabrication apparatuses 
including a CVD apparatus and a sputtering apparatus 
because it performs dry treatment and makes it possible 

25 to easily automate a series of the steps of fabricating 
a semiconductor device. 

It is possible to introduce a molecular gas 
containing oxygen atom or a oxygen gas instead of water 
vapor to be supplied to the plasma generating part 4. It 

30 is also possible to mix any one of them at least. 

The chamber 1 can use not only a silica tube but a 
tubular structure made of a material containing silicon 
oxide. Moreover, the chamber may have a shape like a 
dome, bell- jar, or barrel. The material of the chamber 

35 can use metal instead of silica. Even if a part (e.g. 
window) made of silica comprising the chamber, the surface 
of th part is not roughened as described above. 
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(2) Natural oxid lay r removing and hydrog n termination 
method of embodlm nt of the present Invention 

(1) Natural oxide layer removal and hydrogen 
termination 

5 Figs. 2A and 2B are sectional views for explaining 

the method of an embodiment of the present Invention for 
removing a natural oxide layer from the surface of a 
silicon substrate 9 by means of hydrogen treatment and 
moreover hydrogen- terminating the surface. 

10 Fig. 2A shows the silicon substrate 9 on which a 

natural oxide layer 10 with the thickness of 13 A. In 
this case, the plane orientation of the silicon substrate 
9 appears a (111) plane and the substrate temperature is 
set to the room temper attire. 

15 First, the silicon substrate 9 under the above state 

is set to a wafer setting part 7 shown in Fig. 1 . 
Thereafter, hydrogen gas at the flow rate of 80 cc/min is 
Introduced into a chamber 1 through a first gas 
introduction port 2 while exhausting the gas in the 

20 chamber 1 through an exhaust port 3. 

Then, microwaves with the frequency of 2.45 GHz and 
a wattage of approx. 20 W is led to a plasma generating 
part 4 from a waveguide 5. Thereby, in the plasma 
generating part 4 hydrogen ions, electrons and hydrogen 

25 radicals are generated. In this case, the gas under 
plasma state is locally present in the vicinity of the 
plasma generating part 4. And, an active gas containing 
a lot of hydrogen radicals move along the flow of a gas 
to the downstream side. 

30 Then, NF 3 gas is introduced into the chamber 1 at the 

flow rate of 90 cc/min through a second gas introduction 
port 6 at the downstream side of the gas flown from a 
plasma region to add it to the active gas. 

Thereafter, water vapor (H 2 0) is supplied at the flow 

35 rate of 20 cc/min through the first gas introduction port 
2 to add the water vapor to hydrogen plasma. In this 
case, the pressure in the chamber 1 is adjusted to approx. 
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3 T rr. 

Unless H,0 is added, th content of hydrogen 
molecules generated due t r -combinati n f hydrogen ions 
and hydrogen radicals may almost absolutely increase in 

5 the active gas. For this embodiment, it is confirmed that 
re-combination of hydrogen ions and radicals is suppressed 
due to presence of water vapor and hydrogen radicals are 
considerably prevented from decreasing. 

Moreover, it is considered that any reaction occurs 

10 between the hydrogen radicals and NF, gas until they reach 
the wafer setting part 7. When this state is kept for IS 
min, the natural oxide layer 10 is completely removed from 
the surface of the silicon substrate 9 and hydrogen 
combines with silicon atoms on the surface of the silicon 

15 substrate 9 to make hydrogen termination. 

Presence or absence of the natural oxide layer 10 is 
Judged by whether the surface of the silicon substrate 9 
remains hydrophilic or it is changed to be hydrophobic. 
When the surface remains hydrophilic, the natural oxide 

20 layer 10 is left. However, when the surface is changed 
to be hydrophobic, the natural oxide layer 10 is removed 
and also hydrogen termination is performed. 

Then, after supply of water vapor and NF S into the 
chamber 1 is stopped in order, application of microwaves 

25 is stopped to and thereafter introduction of hydrogen gas 
is stopped. Then, to start the next step, the silicon 
substrate 9 is taken out or transferred to a connected 
treatment apparatus. 

As described above, the semiconductor device 

30 fabrication method of an embodiment of the present 
invention adds NF 3 gas to hydrogen radicals and water 
vapor to remove the natural oxide layer 10 by the reaction 
with a mixed gas of them. Therefore, it is confirmed that 
the treatment time for removing the natural oxide layer 

35 10 from the surface of the silicon substrate 9 is 
shortened from the hour order to the minute order of 15 
min or less. 



More ver, NF,-contained gas is added to th hydrogen 
radio Is at th downstr am sid of the gas channel of the 
gas flown from the plasma generating part 4 and also at 
further downstream side than the region in which a gas 
5 under plasma state is present, and the natural oxide layer 
10 is removed by exposing it to a mixed gas of them. 
Therefore, the chemical reaction between hydrogen 
radicals, NF, and natural oxide layer becomes predominant 
and, differently from the prior art method, high-energy 

10 particles are not contained In the reaction gas for 
removing the natural oxide layer 10 and the silicon 
substrate 9 is not damaged. 

Moreover, fluorine is prevented from remaining on the 
silicon substrate 9 differently from wet treatment, and 

15 the surface of the silicon substrate 9 becomes chemically 
stable after the natural oxide layer 10 is removed because 
hydrogen termination for combining hydrogen with silicon 
atoms on the surface of the silicon substrate 9 is 
performed* Furthermore, the above natural oxide layer 

20 removing method does not roughen the inner surface of a 
silica tube use as the chamber 1. This is probably 
because fluorine radicals generally used as the etchant 
for an Si0 2 layer are not present. 

For the sequence of introducing a gas into the 

25 chamber 1 and stopping supply of the gas, it is preferable 
-to follow the above procedure. 

That is, to remove the natural oxide layer 10 from 
the surface of the silicon substrate 9, hydrogen gas is 
introduced into the plasma generating part 4 and 

30 thereafter the plasma generating part 4 starts discharge 
and then NF S gas is introduced to the downstream side of 
the gas channel separate from the region in which the 
plasma generated by the part 4 is present, and thereafter 
water vapor is introduced into the plasma generating part 

35 4. As the result of performing an experiment by first 
introducing water vapor before supplying hydrogen gas, it 
is found that the above advantage is not adequately shown. 
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After removal of the natural oxide layer 10 Is 
completed, on the contrary, supply of water vapor Is 
stopped and th reafter Introduction of NF, gas is stopped 
and then discharge in the plasma generating part 4 is 
5 8 topped and hydrogen gas is stopped. This is because, by 
stopping supply of water vapor before stopping supply of 
NF, gas and hydrogen gas, oxide layer is not deposited 
again due to water vapor on the surface of the silicon 
substrate 9 free from the natural oxide layer 10. 

10 It is also possible to introduce oxygen into the 

plasma generating part 4 Instead of water vapor. By 
introducing oxygen, hydrogen combines with the oxygen to 
generate H 2 0 at the downstream side of the flow of a gas 
flown from the plasma generating part 4. Also in this 

15 cases, it is necessary to introduce other gases into the 
chamber 1 before introducing oxygen and to stop supply of 
oxygen before stopping supply of other gases in order to 
prevent the surface of the silicon substrate 9 from 
oxidizing after hydrogen down- flow treatment. The same 

20 effect is obtained by Introducing molecules made by 
combining one or more oxygen atoms instead of oxygen. 

Moreover, gases having the same function as NF 3 
Include fluorine (F 2 ) and such fluorides as SF 6 , CHF 3 , CjF 6 , 
and C 4 F a . It is also possible to add an inactive gas 

25 such as nitrogen or argon to the fluorine or one of the 
fluorides. 

(il) Comparison embodiment with prior art 

Figs. 3A and 3B are sectional views of a substrate 
for explaining that a natural oxide layer is removed from 
30 the surface of a silicon substrate by the hydrogen plasma 
down- flow treatment of an existing embodiment. 

The existing embodiment is different from an 
embodiment of the present invention in the fact that NF 3 
gas is not added from the second gas introduction port 6 
35 but the natural oxide layer 10 on the silicon substrate 
9 shown in Fig. 3A is removed by only hydrogen radicals. 

Treatment is performed in the same conditions and 
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method as this embodiment exc pt that NT, gas is n t 
added. 

In this case, an active gas containing a lot of 
hydrogen radicals flows at the downstream side of the gas 
5 flow. The hydrogen radicals directly reaches the wafer 
setting part 7 to react on the natural oxide layer 10. 
However, even after this state is kept for 60 min or more, 
the natural oxide layer 10 is not completely removed from 
the surface of the silicon substrate 9 as shown in Fig. 
10 3B. Thereby, it is confirmed that the etching rate is 
small. As the result of introducing NT, into the 
plasma generating part 4 together with hydrogen, a natural 
oxide layer 10a is completely removed but it is found that 
the surface of the silica tube constituting the chamber 
15 1 is etched at the same time. 

(iii) Examination experiment 

To examine the cause of the difference between the 
embodiment of the present invention and the prior art, the 
amount of hydrogen atoms in the wafer setting part 7 is 

20 examined and compared. 

Fig. 4 shows a side view of a laboratory device. The 
laboratory device has the almost same constitution as that 
in Fig. 1 but it is different in that an ESR (electron 
spin resonance) measuring instrument 11 is set around the 

25 wafer setting part 7. The amount of hydrogen atoms in the 
wafer setting part 7 is measured by the measuring 
instrument 11. In Fig. 4, an object with the same symbol 
as in Fig. 1 represents the same object as in Fig. 1. 
Moreover, a gas is supplied to the chamber 1 in the same 

30 conditions and method as those described in the above 
embodiment of the present invention and the existing 
embodiment. 

Figs. 5A and SB shows the experiment results. 
Fig. 5A shows a case in which NF, gas is added like 
35 the above embodiment of the present invention and Fig. 5B 
shows a case in which no NF 3 gas is added. In Figs. 5A 
and 5B, the axis of abscissas represents magnetic field 
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Int nsity (Gaus ) and the axis f rdinat s repr sents 
arbitrary unit (A.U). The level difference betwe n top 
and bottom peaks f a charact ristic curv is 
approximately proportional to the amount of hydrogen 
5 atoms. 

From Figs. 5A and 58, it is found that the embodiment 
of the present invention is larger than the prior art in 
the number of hydrogen atoms in the wafer setting part 7. 
When generating hydrogen plasma without adding water 

10 vapor , most hydrogen atoms (hydrogen radicals) produced 
in the plasma are recomblned on the inner surface of the 
silica tube and returned to hydrogen molecules at the 
down-flow side of the plasma. Therefore, the total 
number of hydrogen radicals suddenly decreases at the 

15 down- flow region of the plasma. 

However, when adding water vapor to the hydrogen 
plasma, recombination of hydrogen atoms is suppressed by 
the water vapor. Thereby, hydrogen atoms are carried to 
the down-flow side without a decrease. 

20 By adding NF 3 to high-concentration hydrogen radicals 

present at the down- flow side of the plasma region 
according to the function of water vapor, an etchant such 
as hydrofluoric acid (HF) is produced due to the reaction 
between hydrogen atoms and NF 3 , and SiO, is etched by HF. 

25 Moreover, the concentration of hydrogen atoms at the 
down- flow side of the plasma roust theoretically be 
decreased by adding NF 3 because hydrogen atoms are 
consumed in the case of the reaction for producing HF. 
However, contrary to the idea, it is found from Figs. 5A 

30 and 5B that the number of hydrogen atoms increase at the 
down- flow side. This is probably because not only the 
reaction between hydrogen atoms and NF 3 causes HF but 
other reactions occur at the same time. 
(3) Method of embodiment of the present invention for 
35 treating substrate after removing natural oxide layer 

Though the natural oxide layer 10 is removed by the 
hydrogen plasma down- flow treatment of th above 
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embodiment in a sh rt tin without damaging th silicon 
substrate 9, r action product is sometimes pr sent on 
the surf ace of the silicon substrate 9 even after removing 
a natural oxide layer. It is estimated that the reaction 
5 product is a compound of hydrogen, fluorine, etc. It is 
estimated that the compound is (NH 4 ),SiF € . 

The reaction product naturally disappears by leaving 
the product as it is for epprox. 12 hr. However, while 
the product is left as it is, it is also considered that 

10 the surface of the silicon substrate 9 is oxidized again 
due to an interaction between the storage environment and 
the reaction product. Moreover, it is necessary to 
improve the throughput. Therefore, it is preferable to 
remove the reaction product in a short time. 

15 To remove the reaction product, there are, for 

example, the following two methods (A) and (B). 
(A) Method by heating 

Fig. 6 is a sectional view of an apparatus for 
removing the reaction product from the surface of the 

20 silicon substrate 9. The apparatus is the same as the 
apparatus in Fig. 1 except that heating means 12 is 
provided at the inside or outer periphery of the wafer 
setting part 7 of the chamber 1. Therefore, the 
description of it is omitted. The heating means 12 uses 

25 a heater provided with an infrared lamp and high- 
resistance line or a method for heating by a wafer stage. 

The following is the description of a method for 
removing a reaction product from the surface of the 
silicon substrate 9 treated by the method shown in the 

30 above Item (2)(i) by using the apparatus. 

First, the natural oxide layer 10 Is removed from the 
surface of the silicon substrate 9 by the method shown in 
the above Item (2)(i). 

Thereafter, supply of water vapor is stopped and then 

35 introduction of NF 3 and discharge in the plasma generating 
part 4 ar stopped in order, and hydrogen gas is 
continuously introduced into the chamber 1 at a flow rat 
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of approx. 100 cc/rain to keep the pressur in the chamber 
1 at 1 T rr. Then, the temperature £ the silicon 
substrate 9 is raised t approx. 60°C r higher, 
preferably 100°C by the heating means 12 to keep the state 
5 for approx. 3 min. When the heating means 12 uses an 
infrared lamp, the silicon substrate 9 can instantaneously 
heated up to 100°C . However, when it uses a high- 
resistance line heater, it requires approx. 30 sec to 
raise the heating temperature up to 100°C. 

10 By using the above heating treatment, the deposit on 

the surface of the silicon substrate 9 disappears. 

Figs. 7A and 7B are characteristic diagrams showing 
the results of observing the presence of the reaction 
product on the surface of the silicon substrate 9 and the 

15 state of the silicon substrate 9 after thermally treated 
by the heating means 12. The axis of ordinates represents 
absorption quantity and the axis of abscissas represents 
wave number. Numerals added to the axis of ordinates do 
not represent the degree of absorption. (The same is true 

20 of Figs. 8 A and 8B. ) 

The surface state is analyzed by FT-IR ATR 
(Attenuated Total Reflection). 

As shown in Fig. 7A, a peak of the infrared 
absorption capacity is present on the surface of the 

25 silicon substrate 9 before thermal treatment in the wave 
number range of 3,200 to 3,600 cm* 1 and the presence of a 
reaction product is observed. However, as the result of 
thermally treating the substrate at the temperature of 
100°C for approx. 3 min, it is found from Fig. 7B that the 

30 peak disappears and the reaction product is removed from 
the surface of the silicon substrate 9. 

Thereby, because the reaction product is removed in 
a short time, the throughput after removing a natural 
oxide layer is improved and the substrate surface is not 

35 oxidized again. 

As the result of observing the surface of the 
hydrogen-plasma-down-flow-treated and then heated silicon 
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substrat 9 by m ans of FT-IR, th analysis r suit shown 
in Fig. 8A is btained. 

From the characteristics of the wave number and 
infrared absorption capacity shown in Fig. 8A, it is found 
S that there are three peaks in the infrared absorption 
capacity in the range of 2,050 to 2,150 cm* 1 . The peaks 
show SiH„ SiH„ and SiH in order from the left side. 

Thereby, it is clarified that silicon bond on the 
surface of the silicon substrate 9 after thermally treated 

10 combines with hydrogen. Moreover, from the analysis 
result, it is found that a peak of the infrared absorption 
capacity is not observed at the wave number around 2250 
an* 1 showing that oxygen combines with the silicon bond 
and no oxygen layer is present. 

15 in the above description, hydrogen gas is introduced 

into the chamber 1 from the plasma generating part 4 to 
bring the silicon substrate 9 into a hydrogen atmosphere 
when thermal treatment is performed. However, a gas for 
covering the silicon substrate 9 is not restricted to 

20 hydrogen but nitrogen or argon gas with no oxidizing 
property can be used as long as it does not affect the 
surface of the silicon substrate 9. Moreover, it is 
possible to bring the inside of the chamber 1 into a high- 
vacuum state. 

25 (B) Method by cleaning by water 

A reaction product attached to the silicon substrate 
9 can also be removed by cleaning the silicon substrate 
9 by water. The details of the method are described 
below. 

30 First, by using the method described in the above 

Item (2)(i), the natural oxide layer 10 is removed from 
the surface of the silicon substrate 9. Then, supply of 
a gas is stopped in order of water vapor and NF, and 
discharge by the plasma generating part 4 is stopped, and 

35 thereafter supply of hydrogen is stopped. 

Then, the silicon substrate 9 is taken out of the 
chamber 1 and within 30 min., as shown in Fig. 9, the 
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silicon substrat 9 is clean d by water f r 5 min. or 
less, for example, for 2 min. in a water cl aning bath 13 
filled with deionized water. Th dissolved- xygen 
quantity of the deionized water is 80 ppb or less. 
Thereby, a danger in which the surface of the silicon 
substrate 9 is oxidized is greatly decreased. 

Because the oxidation rate decreases as the 
dissolved-oxygen quantity of the deionized water 
decreases, it is preferable to decrease the dissolved- 
oxygen quantity when cleaning the silicon substrate 9 by 
water. m general, the dissolved-oxygen quantity of 
deionized water not provided with dissolved-oxygen 
decreasing treatment is approx. 1 ppm. A value requested 
for the dissolved-oxygen quantity of deionized water is 
50 to 100 ppb for a lM-bit DRAM (dynamic random access 
memory) and 20 to 50 ppb for a 4M-bit DRAM. 

As the result of observing the surface of the water- 
cleaned silicon substrate 9 by means of FT-1R ATR, it is 
found that the reaction product shown by a peak before 
20 water cleaning disappears. 

By cleaning the silicon substrate 9 by deionized 
water containing less dissolve-oxygen quantity for approx. 
2 min., a reaction product is removed. Therefore, the 
time until transferring the silicon substrate 9 to the 
25 next step is shortened, the throughput is improved, and 
a danger of re-oxidation is eliminated. 

As the result of observing the surfaces of a 
plurality of hydrogen-plasma-down-flow-treated silicon 
substrates 9 after cleaned by water through FT-1R ATR, the 
analysis result shown in Fig. 8B is obtained. 

From the characteristics of wave number and infrared 
absorption capacity shown in Fig. 8B, it is found that 
there is a peak showing SiH in the infrared absorption 
capacity in the range of 2,050 to 2,100 cm- 1 . 

Thereby, it is clarified that silicon atoms on the 
surface of the silicon substrate 9 after heated combine 
with hydrogen. From the characteristic diagram, it is 
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f und that a peak of the Infrar d absorption capacity at 
th wav number around 2,250 cm" 1 is hardly observed and 
an oxide layer Is hardly present. 
(4) Summary 

As described above, the present Invention removes a 
natural oxide layer by adding a gas containing nitrogen 
fluoride (NF 3 ) to plasma down- flow of a mixed gas of 
hydrogen and water vapor (H 2 + H 2 0) or hydrogen and oxygen 
(H 2 ♦ 0 2 ) and exposing the mixed gas to a natural oxide 
layer on a semiconductor layer such as silicon. Thereby, 
it Is confirmed by an experiment that, for example, the 
treatment time for removing the natural oxide layer from 
the surface of the silicon substrate is shortened. 

Moreover, the present invention treats an object to 
be treated by adding NF 3 -contained gas to an active gas in 
a region at the downstream side of the flow of a gas flown 
from a plasma generating region and free from a gas under 
plasma state. Thereby, no high-energy particle is 
contained in a reaction gas or a substrate is not damaged. 
Moreover, because no atomic fluorine is present, the inner 
surface of a silica tube constituting a reaction chamber 
is not etched. 

Furthermore, because the present invention performs 
dry treatment using hydrogen gas, fluorine is prevented 
from remaining on the semiconductor layer differently from 
wet treatment and hydrogen termination is performed . 
Thereby, a surface to be treated becomes chemically stable 
after it is treated. Furthermore, the apparatus of the 
present Invention can easily be connected with many other 
fabrication apparatuses including a CVD apparatus and 
sputtering apparatus. Therefore, a series of steps can 
easily be automated. 

Furthermore, because supply of water vapor and oxygen 
is first stopped after a natural oxide layer is removed 
by using a mixed gas of hydrogen and water vapor or a 
mixed gas of oxygen and hydrogen, and NF 3 , no oxidizing 
gas is present on th surface of a silicon substrate 
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1mm diately before taken ut. Thus, it Is possibl to 
prevent th surface f a hydrog n-plasma-down- f 1 w- treated 
sub trate from oxidizing again. 

If a reaction product is deposited on the surface of 
5 a substrate after removing a natural oxide layer, it can 
be removed by heating the substrate or cleaning it by 
deionized water with a small dissolved-oxygen quantity. 
Thereby, it is possible to clean the surface of the 
substrate and improve the throughput. 
10 By using the above treatment, it is possible to 

remove a natural oxide layer on the surface of a amorphous 
silicon, polycrystalline silicon or other semiconductor 
layer, and to hydrogen- terminate the surface. 
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Clalms; 

1 # A method of removing oxide from the surface 
of a semiconductor material, comprising: 

generating a stream of active gas by transforming 
5 a stream of at least hydrogen gas into plasma at a 

first location; 

adding fluorine or a gas containing fluoride to 
said stream of active gas at a second location 
downstream of said first location; and 
10 exposing said semiconductor material to the 

combination of said active gas and fluorine or a gas 
containing fluoride at a third location downstream of 
said first and second locations* 

2. A method as claimed in claim 1, wherein the 
15 gas containing fluoride is NF 3 , CF 4 , SF fi , CHF 3 , C^Fg or 

C 4 F 8- 

3. A method as claimed in claim 1, wherein the 
gas containing fluoride comprises NF3. 

4. A method as claimed in claim 1, 2 or 3, 

20 wherein oxygen or an oxygen atom-containing molecular 
gas is added to the stream of at least hydrogen gas. 

5. A method as claimed in claim 4, wherein the 
oxygen atom-containing molecular gas is water vapour. 

6. A method as claimed in any preceding claim, 
25 further comprising the step of hydrogen- terminating the 

surface of the semiconductor material after the oxide 
has been removed. 

7. A method as claimed in claim 6, wherein the 
semiconductor material is heated to a temperature of at 

30 least 60°C after hydrogen- termination. 

8. A method as claimed in claim 7, wherein the 
semiconductor material is heated in an atmosphere not 
containing any oxidising gas. 

9. A method as claimed in claim 6, 7 or 8, 
35 wherein the semiconductor material is cleaned with 

water after hydrogen- termination. 
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10. A method as claim d In claim 9, wherein de- 
ionised water having dissolved oxygen in the amount f 
80ppb or less is used to clean the semiconductor 
material ♦ 

5 11. A method as claimed in claim 4, wherein first 

said stream of at least hydrogen is started, then said 
stream of at least hydrogen gas is transformed into 
plasma to generate said stream of active gas is 
generated, then said fluorine or gas containing 

10 fluoride is added to said stream of active gas, then 
said oxygen or oxygen atom-containing molecular gas is 
added to the stream of at least hydrogen gas and then 
said semiconductor material is exposed to said active 
gas, and wherein, when said oxide has been removed, 

15 first addition of said oxygen or oxygen atom-containing 
molecular gas to the stream of at least hydrogen gas is 
terminated, then addition of said fluorine or gas 
containing fluoride to said stream of active gas is 
terminated, then transformation of said stream of at 

20 least hydrogen into plasma is terminated, and then said 
stream of hydrogen is terminated. 

12. Apparatus for removing oxide from the surface 
of a semiconductor material, comprising: 

means for transforming a stream of at least 
25 hydrogen gas into plasma, to generate a stream of 
active gas; 

means for adding fluorine or a gas containing 
fluoride to said stream of active gas, located 
downstream of the means for transforming a stream of at 
30 least hydrogen gas into plasma; and 

means for exposing said semiconductor material to 
the combination of said active gas and fluorine or a 
gas containing fluoride, located downstream of the 
means for adding fluorine or a gas containing fluoride 
35 to said stream of active gas. 

13. Apparatus as claimed in claim 12, wherein the 
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means for exposing said semiconductor material to said 
combination is provided with means for heating the 
semiconductor material. 

14. Apparatus as claimed in claim 12 or claim 13, 
5 further comprising means for adding oxygen or an oxygen 

atom-containing molecular gas to the stream of at least 
hydrogen gas. 

15. A method of removing oxide from the surface 
of a semiconductor material substantially as 

10 hereinbefore described with reference to Figure 1 or 
Figure 6 of the accompanying drawings. 

16. Apparatus for removing oxide from the surface 
of a semiconductor substantially as hereinbefore 
described with reference to and as shown in Figure 1 or 

15 Figure 6 of the accompanying drawings. 

17* Apparatus for fabricating a semiconductor 
device including the apparatus claimed in any one of 
claims 12 to 14. 

18. A semiconductor material from which oxide has 
20 been removed by the method of any one of claims 1-11. 
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19. An apparatus for fabricating semiconductor device, 
comprising: 

pi sma generating part for introducing hydr gen 
5 gas to activate the gas; 

a gas introducing part arranged at the downstream 
side of a gas flown from the plasma generating part 
to introduce at least fluorine gas or fluoride gas; and 
a wafer setting part arranged at the downstream 
10 side of the gas flown from the gas introducing part- 

20. The apparatus for fabricating semiconductor device 
according to claim 19* wherein the gas introducing part 

is present outside a region in which a plasma gas 
generated by the plasma generating part. 
15 21. The apparatus for fabricating semiconductor device 
according to claims, wherein the fluoride gas is one of 
NF 3 , CF 4 , SF 6 , CHF 3 , C,F 6 and C 4 F t . 

22. The apparatus for fabricating semiconductor .device 
according to claim 19, wherein the wafer setting part 

20 is provided with heating means for heating the 
semiconductor layer. 

23. The apparatus for fabricating semiconductor device 
according to claim 19, • wherein a silicon layer covered with 
a natural oxide layer is arranged in the wafer setting 

25 part. 

The apparatus for fabricating semiconductor device 
according to claim 19, wherein at least one of oxygen gas 
and oxygen-atom-contained molecular gas is introduced into 
the plasma generating part (4) together with the hydrogen 
30 gas. 

25. The apparatus for fabricating semiconductor device 
according to claim 24. wherein the oxygen-atom-contained 
molecular gas is water vapor. 

26. A method for fabricating semiconductor device r 
35 comprising the step of: 

removing an oxide from the surface of a semiconductor 
layer by exposing the semiconductor layer to a mixed gas 
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mad by adding at least fluorine gas r flu rid gas to 
hydrogen radicals outsid of plasma atmosphere. 

27. The m thod for fabricating semiconductor device 
according to claim 26 « wherein th fluorid gas is one of 

5 NF„ CF 4 , SF 6 , CHF„ C,F, and C,F,. 

28 . A method for fabricating semiconductor device, 

comprising the steps of: 

transforming at least hydrogen into plasma to 

generate an active gas; 
10 adding at least fluorine gas or fluoride gas to a gas 

flown from the region in which plasma of the hydrogen is 

present at the downstream side of the gas flow; and 

exposing the semiconductor layer to a gas flown from 

a region in which the fluorine or fluoride gas is added 
15 at the downstream side of the gas flow, for removing an 

oxide from the surface of the semiconductor layer and 

hydrogen- terminating the surface. 
29 The method of fabricating semiconductor device 

according to claim 28, wherein the fluoride gas is one of 
20 NF 3 , CF„ SF 6 , CHF„ C,F 6 and C 4 F,. 

30. The method for fabricating semiconductor device 
according to claim 28. wherein the hydrogen is transformed 
into plasma ana at the same time, at least one of oxygen 
gas and oxygen- atom-contained molecular gas is transformed 

25 into plasma. 

31. The method for fabricating semiconductor device 
according toclaim 30. wherein the oxygen-atom-contained 
molecular gas is water vapor. 

32. The method for fabricating semiconductor device 
30 according to claim 28. wherein the semiconductor layer is 

a silicon layer covered with a natural oxide layer. 

33. The method for fabricating semiconductor device 
according to claim 28 , wherein a step of hydrogen- 
terminating the surface of the semiconductor layer and 

35 thereafter heating the semiconductor layer at the 
temperature of 60°C or higher. 

34. The method for fabricating semiconductor device 



24 



according t claim 33, wherein the heating is performed 
by setting the semiconduct r layer in an atmospher 
containing no oxidizing gas. 

35. Th method for fabricating semiconductor device 
according to claim 28, wherein the surface of the 
semiconductor layer is hydrogen-terminated and thereafter 
the semiconductor layer is cleaned by water. 

36. The method for fabricating semiconductor device 
according to claim 35, wherein delonized water with the 
dissolved -oxygen quantity of 80 ppb or less is used to 
clean the semiconductor layer by water. 

37. A method for fabricating semiconductor device, 
comprising the steps of: 

starting to flow hydrogen gas through a first region; 

transforming the hydrogen gas into plasma in the 
first region while the hydrogen gas is flowing; 

adding at least fluorine gas or fluoride gas to a 
second region at the downstream side of the gas flown from 
the first region; 

starting to flow at least one of oxygen gas and 
oxygen-atom-contained molecular gas to the first region 
to transform the gas into plasma while the fluorine or 
fluoride gas is flowing; 

exposing the semiconductor layer to a gas flown from 
the second region introducing the fluorine or fluoride gas 
to remove an oxide from the surface of the semiconductor 
layer; 

stopping introduction of the oxygen gas or the 
oxygen-atom-contained molecular gas introduced into the 
first region after removing the oxide and then stopping 
introduction of the fluorine or fluoride gas; 

stopping transformation of the gas present in the 
first region into plasma; and 

stopping introduction of the hydrogen gas after 
stopping transformation of the gas present in the first 
region into plasma • 

38. The method for fabricating semiconductor device 
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according t claim 37 , wherein the fluoride gas is one of 
NT j, CF„ SF„ CHF„ C,F, and C,F,. 
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